Abstract-Sulfate attack is one of the most damaging degradation mechanisms that can be accelerated by the increase of the internal stress due to filling the void within concrete with chemical products of gypsum and ettringite and subsequent expansion causes spalling and exfoliation of the concrete. As a result of occurring molecular diffusion, the diffusion coefficient of sulfate ion has played an important factor in existing empirical and mathematical models for its large impact on the extent of the attack. In this study, the expansion and diffusion coefficient are presented to represent a prediction model of life span degradation and a model equation of sulfate attack based on the mechanistic model is proposed.
I. INTRODUCTION
Life span degradation of concrete due to sulfate attack causes penetration of sulfate into the inside of concrete and expansion reaction, and the subsequent expansive stress formed from the reaction leads to cracking of the concrete [1] - [3] . Cracking can significantly increase both the diffusion rate and hydraulic flow rate and in turn accelerate further degradation. Damage to concrete due to the sulfate attack proceeds from the surface of concrete and its damage extent can be expressed as a function of the depth of attack or the amount of expansion by the attack and the progress rate [4] . Accordingly, in this study, an integrated modeling approach is developed to derive a model for predicting the life span degradation incorporating all three of the essential phenomena mentioned above [5] - [7] .
Several models have been presented in order to predict the life span degradation due to sulfate attack. There, theoretical models are based only on the penetration depth to predict the life span, disregarding the formulation conditions occurring in concrete under external attack from chemically aggressive environments. However, recent studies indicate the sulfate attack to concrete appeared caused by expansive stress as a result of chemical reaction and the progress rate of degradation is proportional to age. Therefore, the previous results are reflected in the prediction model of life span Manuscript degradation from sulfate attack in our study. Also, in this study, conducting experiments with the formulation used in concrete structures, impact of each factor on the rate of sulfate attack is derived and reflected to our prediction model or used as data to evaluate the resulting prediction model of life span degradation due to sulfate attack.
II. REVIEW OF MODELS

A. Emperical Model
Atkinson & Hearne (1984) -Atkinson & Hearne's empirical model has employed data from the Northwick Park study, Harrison and Teychenne (1981) conducted, and used the concentration of sulfide and C 3 A of cement as factors to be considered [8] - [9] . In the model, they assumed that the depth of attack is linearly related to time and the rate of attack of concrete is proportional to both the concentration of sulfate and the amount of C 3 A. From the experimental results, it has shown that the amount of cement loss of the specimen deposited in 0.19M Na 2 SO 4 for 5 years was 42mm and the attack depth of MgSO 4 was about 2 times larger than that of Na 2 SO 4 . Developed from these experimental results, a model equation was given by equation (1) , based on Ordinary Portland Cement (OPC) in which the amount of C 3 A was 8%. However, relationship in the empirical model between the depth of attack and various influencing factors has fundamental limitations in, especially, the case of exceeding acceptable levels at which many researchers assumed for their models [10] , [11] . Therefore, disregarding of using admixture and additive in the experiment, the reliability of the suggested model has decreased. Despite these limitations, however, the model can provide an easy and convenient way to predict the resistance to sulfate attack.
B. Mathematical Model
Rasmuson (Shrinking Core Model, 1987) -Shrinkage Core model can be applied when boundary condition changes constantly, and mass transport rate of the boundary appears to be much slower compared to the transport rate [12] - [13] . As the change of the boundary condition shows slow progress, transport processes of Sulfide ions can be thought to be near steady state or stationary state leading to be considered as steady state. Sulfate attack progresses by penetrating sulfate ions into internal concrete body from concrete surface under influence of external environment, usually by diffusion. On the boundary layers sulfate ions reacts with hydration products of C 3 A to generate insoluble substances such as ettringite. For the transport equation of sulfide ions, stationary state is assumed to estimate the rate at which affected zone by the sulfide keeps transferring into the interior of concrete body Reaction pattern and transfer of sulfate ions are shown as below.
-Reaction patterns.
Equation (3) shows that the degradation zone affected by sulfate is proportional to the mass transport rate of sulfate ions and is in inversely relationship with the C 3 A concentration of concrete.
where
In this model, contrary to the experimentally proven results that increase of the amount of C 3 A that is included in concrete, also accelerates the sulfate attack, sulfide erosion is shown to decrease depending on the increase of C 3 A. In addition, the erosion rate appears as t The process of attack appears differently depending on the chemical composition of concrete, the mass transport rate of sulfate ions and reaction rate. The thickness of concrete layer detached by the reaction and the time it takes to takes off the layer also can be calculated by the following equation:
The resulting degradation rate of concrete by sulfate ions is given by equation (4) ) 1 ( 
C. Comparative Analysis
In the Shrinking Core Model, contrary to the empirical data in the field and other prediction models for sulfate attack, the rate of sulfate attack is shown to decrease depending on the increase of C 3 A.
While the Shrinking Core Model regards the rate of sulfate attack proportional to t 1/2 for the time t, the empirical model and mechanistic model express the rate as linear relation to the time t.
The mechanistic model evaluates the elapsed time and the spalling of concrete surface due to expansion pressure considering the expansion occurred by sulfate ions in concrete.
III. CONFIGURATION OF PREDICTION MODEL OF LIFE SPAN DEGRADATION
A. Formulation of Basic Model
In order to estimate the sulfate attack, the degradation depth by sulfate is derived from the mechanistic model of Atkinson-Hearne. As the depth of sulfate attack can be predicted from the Atkinson-Hearne model, covered concrete penetrated by sulfate is assumed to have complete loss of its performance. As the transport characteristics are much larger for soil or seawater compared to concrete, external boundary conditions of concrete are moved to the depth at which sulfate attack advances, resulting in creating new boundary conditions. In other words, concrete body that the sulfate attack has progressed is considered to have the same condition as soil or seawater of external concrete. The model proposed by Atkinson and Hearne represents the degradation process dominated by the reaction and the degradation rate of concrete due to sulfate ions is expressed in equation (5). 
B. Calculation of C E
The amount of concentration of sulfate reacting to ettringite, referred to as C E , can be obtained exactly from the chemical composition of cement or from experiments. To experimentally obtain the value of C E , relationship that the amount of sulfate reacting with unit amount of hydrated cement is inversely proportional to the elapsed time and log curve, is available in a graph. This data is shown in the following equation. Here, m is the molar amount of sulfate reacting with cement, m o is the coefficient of regression analysis, t is the time, c is the concentration of sulfate in solution, t r is certain time to take the reaction, and ck is the concentration of sulfate ions in a kinetics experiment. The maximum value of m can be calculated from the initial amount of C 3 A in cement. If the maximum value is represented as mc, then the value of t for m=m c corresponds to the value in t=t∞ for which the amount of C 3 A is completely consumed. For t spall < t∞ , C E should be obtained from equations 129 and 130. However, relationship of t spall > t∞ is mostly shown in OPC and C E can be calculated by the amount of C 3 A of cement because the amount of sulfate supplied to the external concrete is assumed to be constant, As 1 mol of Al 2 O 3 is needed to produce 1 mol of ettringite, it is shown that the molar concentration of Al 2 O 3 corresponds to the molar concentration of ettringite. Thus, the amount of cement (x cem ) per 1m 3 concrete in given concrete mix proportion and the molar amount of ettringite C E formed in 1m3 concrete out of the amount of aluminum oxide(Al 2 O 3 ) , can be obtained from equation (7).
where, x cem : amount of cement per 1m3 concrete (kg/m overall rate of attack depending on the concentration of sulfate and the diffusion coefficient, and for elastic modulus, roughness factor, stress of 1mol sulfate per 1m 3 , energy needed to destroy the concrete surface, and Poisson ratio, default values were used. Also, the unit amount of cement was 284 kg/m 3 after applying the mix proportion of design strength 4000psi used in the experiments for this study, and referred to the amount of aluminum oxide was 5% which was also the amount of OPC. Also, based on the composition analysis of domestic coastal seawater in the table, the upper limit of basic analysis range for the concentration of sulfate was determined. As shown in the table below, for the east coast in domestic coastal seawater, magnesium sulfate (MgSO 4 ) was shown to be 2.168 g/l, and calcium sulfate (CaSO 4 ) to be 1.491 g/l and potassium sulfate was 0.863 g/l based on the west coast seawater. Calculating the amount of sulfate in seawater, the molar concentration of sulfate for the east coast seawater is 0.0339M which corresponds to 35mol/m 3 . Fig.1 shows the relationship between the rate of sulfate attack and the change in diffusion coefficient for each concentration of sulfate in the external concrete, 5, 10, 15, 20, 25, 30, 35mol/m 3 , respectively, In the figure, the rate of sulfate attack is shown to increase as the concentration of sulfate increases. For 35 mol/m 3 of the concentration of sulfate, the amount of sulfate in seawater was expressed in mol/m 3 on the basis of the components of seawater, which indicates the attack that concrete directly adjoining to seawater can get. The result also means that high diffusion coefficient can cause significant damage to the structure (for this condition, there may be attack up to 5mm in a year). In other words, on the condition that seawater is adjoining, if the diffusion coefficient is 4.0(×10 -12 m 2 /sec), then the depth of damage due to the sulfate attack is 5 mm per year, and if the thickness of cover concrete for the given structure is 50 mm, then the time it takes to completely damage the thickness of cover concrete is 10 years. Under the same condition, if the diffusion coefficient is 0.5(×10 -12 m 2 /sec), then the rate of damage is 0.62mm per year and the time it takes to completely damage the thickness of cover concrete is 80.6 years. Fig. 2 shows the relationship between the rate of sulfate attack and the diffusion coefficient of sulfate ions for the case that the amount of water-soluble sulfate ions of the soil contacting with concrete is less than or equal to 0.1%, according to the condition that are required for concrete exposed to sulfate of ACI Committee 201.2R and ACI Building Code 318R. In the figure, if the concentration of sulfate ions in groundwater is less than 150ppm (0.00156M), then the environment is regarded as "Mild" or "Negligible" in which there is little or no influence of sulfate, about 1500ppm (0.01561M) as "Moderate" which has chance of sulfate attack, and about 10000ppm (0.10410M) as "Severe" which is in poor condition. As shown in the figure, for the case that the concentration of sulfate is about 150ppm, there is little influence of sulfate, regardless of the diffusion coefficient. However, for the case of 10000ppm, the rates of attack are 
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